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Introduction
Triathlon is a distinct sporting event combining three disciplines (swimming, cycling, and running) that impose unique metabolic and nutritional concerns for the working muscle depending on the duration of the event. The half Ironman triathlon consists o f a 1.9km swim, followed by a 90km cycle, and 21.1km run. Fatigue during prolonged, intense exercise is believed by many researchers to be associated with glycogen depletion in working skeletal muscles'^. Although endogenous glycogen stores are limited, pre race diet can increase these stores, proper training can tem per their utilization, and in race feeding can attenuate their decline. Muscle glycogen and blood glucose are the most important substrates for contracting muscle^. Muscle glycogen depletion, and reduced blood glucose concentrations are associated with fatigue during prolonged exercise^. To retard fatigue and perform optimally it is advantageous to obtain high pre-exercise muscle and liver glycogen concentrations, as well as maintain adequate nutrition during the contest.
M uscle glycogen is a vital fuel source for moderate to high intensity exercise.
Once exhausted, the capacity to perform at these exercise intensities is lost or severely restricted. Following exhaustion, the more rapidly the muscle glycogen can be restored after exercise, the quicker the recovery process and theoretically the more effective the return to performance capacity^*. In recent years, research has focused on the timing, frequency, amount, and type o f ingested post-exercise supplementation to effectively replenish glycogen stores.
Although previous studies have shown the metabolic response of muscle glycogenolysis and resynthesis to ultra endurance exercise in the lab, it remains to be elucidated if these same responses will manifest themselves in the same degree during an actual race. Despite considerable research examining laboratory based responses of substrate utilization and glycogen depletion of >4 hours of contractile activity' '*' * 24,39,4i-43,5ij.glj^jj^gly information is available concerning responses during a triathlon.
Review of Literature Introduction
Ultra-endurance exercise is classified as prolonged exercise lasting longer than 4
hours"^^. The half Ironman triathlon is the epitome of ultra-endurance exercise commonly requiring 4-10 hours to complete the event. In any ultra-endurance endeavor, nutrition becomes a vital factor to a racer's success. Fatigue during prolonged, intense exercise is associated with glycogen depletion in working skeletal muscles^^. Muscle glycogen content is closely related to endurance capacity. Although endogenous glycogen stores are limited, pre race diet can increase these stores, proper training can temper their utilization, and in race feeding can attenuate their decline. The theory behind the ingestion o f increased carbohydrates (CHO), both in the days leading up to the event and while participating, is to increase the storage of glycogen, thereby preventing hypoglycemia from depleted liver glycogen and storing increased muscle glycogen as a functional fuel source for the working muscles, perhaps delaying the onset of fatigue^^.
In this literature review I will discuss the need for both CHO and fluid before, during, and after exercise, and the utilization of CHO both during exercise and post exercise for muscle glycogen resynthesis.
Supercompensation Prior to Exercise
The importance o f muscle glycogen as a metabolic substrate in sustaining prolonged exercise has been well documented. Due to the close proximity to the site of contraction, and the ability to sustain high rates of adenosine diphosphate (ADP) phosphorylation, glycogen is viewed as the principal fuel for the continuance of exercise o f a moderate to intense nature. To assure optimal exercise performance, endurance athletes are encouraged to maximize the availability of muscle glycogen through training and the ingestion of a high carbohydrate (CHO) diet prior to competition"®. Although it is clear that increased CHO consumption in the days leading up to the race, as well as 3-4 hours prior to the start of the race, can have a positive impact on perform ance there is debate as to whether ingestion of CHO 30-60 minutes prior to the start o f the race is advantageous. The effects most associated with this late pre-race feeding strategy are hypothesized to be the elevation of plasma insulin concentrations acting to suppress fat metabolism, accelerate CHO oxidation, and cause a decline in plasm a glucose concentration as exercise starts'*. Exercise, in addition to high insulin as a result o f pre-race CHO ingestion, causes a rapid decline in blood glucose within [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] min o f the start of exercise. This has been termed rebound hypoglycemia and has been the topic o f numerous studies. However, numerous researchers have concluded that rebound hypoglycem ia in the early stages of exercise does not affect exercise perform ance and seems to be of little 'functional' significance, suggesting that there is no need to avoid CHO intake 30-60 minutes prior to exercise^^ '^^.
In summary, the ingestion of a high CHO pre-race meal may improve perform ance by enhancing CHO availability by increasing muscle and liver glycogen stores, or by providing a source of glucose in the gut for later release. Recent research suggests that there is no need to avoid CHO 30-60 min prior to the start of the race. intestinal absorption leads to an increase in the availability of exogenous CHO in the blood stream for oxidation, it still remains to be seen if these findings will lead to increased endurance performance.
CHO Supplementation During Exercise
In summary, CHO supplementation during an ultra-endurance event is important to sustain plasma glucose levels, thus sparing the conversion of liver glycogen to plasma glucose. To achieve peak CHO oxidation rates, it appears a mixture of glucose and sucrose, or glucose and fructose should be consumed at a rate of 1.8 g/min throughout the event. M aximum rates o f CHO oxidation approach 1.3 g/min. Data from past field studies suggest that the cycle portion is the most advantageous leg of the triathlon during which to consume high rates of CHO^^.
Fluid Balance
There are many problems associated with fluid imbalance in ultra-endurance In lieu the ACSM guidelines, ultra-endurance athletes are advised to take a more m odest approach to fluid consumption. In ultra-endurance competition, it is recom mended to limit fluid intake to 500-800 m l/hr during the cycle and 200-500 ml/hr during the run, with lightweight men and women being advised to drink lower volumes^*. In summary, the ACSM recommendations for fluid intake for activities lasting longer than 1 hour may be somewhat aggressive. According to the most recent research, 500-800 m l/hr during the cycling stage, and 300-500 ml/hr during the running leg of fluid containing 5-10% CHO, adjusted for body size and temperature, is advantageous for ultra-endurance exercise. A t the onset o f exercise, liver glycogen breakdown will increase as the hepatic glucose output increases as a function o f exercise intensity^^. Exercise rapidly stimulates glucose transport activity in the plasma membrane of the active muscle, resulting in an increase in the influx of glucose into the cytosol. This transport of glucose through the sarcolem m a is the primary rate limiting step for blood glucose metabolism in striated muscle. Glucose is transferred into the cell by two primary glucose transport proteins;
CHO and Fat Utilization
G L U T l and GLUT4. The less abundant G LU Tl isoform is thought to reside primarily in the sarcolemma and contribute to basal glucose transport. The GLUT4 isoform is the m ajor glucose transporter in skeletal muscle. As exercise intensity increases there is increase reliance on muscle glycogen over transported blood glucose. Above -50%
VOzmax, there is a shift in muscle glycogen utilization when exercise intensity is increased'*.
In summary, CHO and fats are the most important fuels at rest and during exercise. W hen exercise starts, the rate of lipolysis and glycolysis is increased as the exercise intensity is increased. Research suggests that at ~ 65% VOzmax, there is an increased reliance on CHO oxidation, and fat oxidation is reduced.
Role of Duration
The duration o f exercise affects substrate oxidation. Research suggests that fat oxidation increases and CHO oxidation decreases as exercise continues. The increase in fat oxidation is typically due to the reduction of glycogen and IM TG stores and a progressive rise in plasm a FA concentrations toward the latter stages of exercise'*'
Role of Intensity
Brooks has highlighted the significance of exercise intensity relative to VOzmax in calculating the involvement of CHO and fat oxidation to total energy utilization. He has created the term "crossover point" for the relative exercise intensity at which the predom inant fuel for oxidative metabolism shifts from fat to CHO. This crossover point, which usually occurs -50% VOzmax in mildly trained or untrained individuals who have been eating a usual, mixed diet, is a useful reference point for evaluating the effects of various physiological and metabolic states, and adaptations such as diet and training on the fuel m ixture used during exercise^. In summary, the single largest influence that can alter the crossover point is diet.
Role of Diet
It has been shown that a consistent diet rich in fat can lead to higher rates of fat oxidation with diminished reliance on CHO as a fuel during exercise
Role of Training
The Once exhausted, the capacity to perform at these exercise intensities is lost or severely restricted. Therefore, the more rapidly the muscle glycogen can be restored after exercise, the quicker the recovery process and theoretically the more effective the return exercise. Since increased muscle glycogen content is associated with decreased muscle glucose uptake, delaying the ingestion of CHO by two hours has no effect on long term muscle glycogen storage, providing that sufficient CHO is ingested during the recovery period. IM TG stores have been shown to play an important role in the rate of glycogen resynthesis by providing muscle with substrates during the glycogen resynthesis period. 
Methodology

Experimental Protocol
Pre Race
Approximately 90 minutes prior to the start of the race, the subject underwent the first o f three muscle biopsies to the right vastus lateralis under local anesthesia using the Bergstrom biopsy needle^. M uscle samples were immediately frozen in liquid nitrogen and stored for later analyses. After the biopsy, the subject was weighed in his racing gear (tri shorts, watch, and HR monitor). Prior to the start of the race, the subject consumed 2,394 KJ, llO g CHO (1.4 g CHO kg).
Race
Energy intake during the race was collected and is shown in Table 2 . HR was recorded every five seconds (Polar S810i, Finland), power was recorded every 15 seconds (SRM Power Systems, Colorado Springs, CO), and running speed (min/mile) was collected throughout the race.
Post Race
Immediately post race, the subject was weighed in his racing gear and a second biopsy was taken from a second incision 2 cm proximal to the pre-exercise incision. The muscle was prepared and stored as indicated above. After the post-race biopsy, the subject consumed a standardized diet that consisted of 4 
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Although endogenous glycogen stores are limited, pre-race diet can increase these stores,
proper training can attenuate the utilization, and feeding during the race may decrease the velocity of muscle glycogen loss. M uscle glycogen is the most important substrate for contracting muscle during moderate to heavy exercise^. The purpose of this study was to describe the degrees of muscle glycogen depletion and resynthesis in response to a half Ironman triathlon. 
Methodology
Pre Race
Approxim ately 90 minutes prior to the start o f the race, after eating breakfast, a pre-race m uscle biopsy was obtained from the right vastus lateralis^. Muscle samples were im m ediately frozen in liquid nitrogen and stored at -85°C for later analyses. After the muscle biopsy a m easure of body weight was obtained. Macronutrient consumption of breakfast was measured and recorded.
Race
During the entire race, macronutrient consumption patterns were recorded from a preestablished intake plan amounting to approximately 1.2 gm in '. Deviations from the intake plan were recorded from subjects dietary recall during the race. In addition, cycle pow er output (SRM power systems, Colorado Springs, CO) and HR (Polar SSlOi, Finland) was continually measured. Running pace was monitored by the subject using a digital running watch and mile lap split recordings.
Post Race
Im mediately after the race, a post-race measure of body weight was obtained in the same clothing as pre-race. A post-race biopsy was then obtained (from a second incision 2 cm proximal to the pre-exercise incision) after which the subject consumed a standardized diet (total = 471g CHO, 15g Fat, 64g Protein), which included hourly liquid CHO sources (Gatorade energy drink, 0.22 g CHO/ml) and a meal provided by the race. Total carbohydrate intake during this four-hour refeeding period was 6.3 g k g '' (1.6 g kg hr).
Four hours post race, a third biopsy was obtained (from a third incision 2 cm proximal to the post-exercise incision) as indicated above.
Sample Analyses
M uscle glycogen was analyzed using an enzymatic spectrophotometric method as previously described®.
Results
Overall finish time for the race was 4:48:53 (33:33 swim, 2:43:11 bike, 1:28:40 run). 
Discussion
The main findings from this case study indicate that the completion of a half Ironman triathlon is associated with a high rate of whole body CHO oxidation and muscle glycogenolysis. Furthermore, this demonstrates the importance of pre-race nutritional strategies to maximize glycogen storage coupled with an aggressive exogenous CHO intake schedule during the race to maintain CHO oxidation and exercise intensity. muscle glycogen, and/or elevated core body temperature. However, fatigue was not likely related to inadequate exogenous CHO intake as it approached the reported maximal rates previously recommended^.
Total CHO availability (g) was supplemented by the combination of the pre-race meal (110 g CHO) and the feedings during the race (308 g CHO) which represented 41% of the total CHO oxidized during the cycle and run portions of the race, not accounting for additional CHO oxidation during the swim. This is in agreement with previous findings reporting that high rates of CHO oxidation can be maintained during the latter stages of prolonged continuous exercise when muscle glycogen stores are very low^. CHO supplementation during prolonged exercise can partially compensate for the reduction of endogenous CHO stores and delay fatigue by maintaining plasma glucose availability.
However, it appears that consuming exogenous CHO at a rate o f approximately 1. the rate o f muscle glycogen resynthesis when the traumatized muscle is penetrated with inflamm atory cells, which oxidize glucose. Eccentric damage presents a competition between the inflammatory cells and the glycogen-depleted muscle fibers for blood glucose, reducing the amount of available glucose for muscle glycogen storage^.
Researchers have additionally shown that CHO intake during prolonged exercise may dim inish postexercise muscle glycogen resynthesis rates, when compared to prolonged exercise in the fasted state. The mean rate of muscle glycogen resynthesis during the initial 4 h recovery period after the fasting exercise bout was found to be ~3-fold higher than after exercise com bined with carbohydrate ingestion, perhaps due to enhanced insulin action'*.
C onclusion
The main findings indicate that the completion of a half Ironman triathlon is dependent on a high rate of whole body CHO oxidation and muscle glycogenolysis, which demonstrates the importance o f pre-loading adequate exogenous CHO intake during the race. In addition, rates of muscle glycogen resynthesis may be dampened during the recovery from such an event by the eccentric damage resulting from the run portion of the race.
